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INTRODUCTION
There is growing public concern regarding the potential human health hazard caused by exposure to microwave (MW) frequencies. 1) There is widespread use of 2.45-GHz irradiation for industrial, scientific, medical, military and domestic purposes, and leakage into the environment is possible. 2, 3) The possibility of changes in neurobehavioral function following exposure to chronic low-power-density MW fields has received considerable attention. 4) Several studies have reported that this kind of exposure results in detrimental effects on the central nervous system (CNS) of animals, especially cognition and behavior function of the hippocampus. 5, 6) However, the cellular and molecular mechanisms involved in this process are still poorly understood. The brain is a major target organ for glucocorticoids (GCs). 7) The hippocampus expresses extremely high levels of GC receptor (GR), 8, 9) making it a brain region that is particularly sensitive to GC influences. 10, 11) It has been observed that excessive circulatory levels of GC are frequently associated with cognitive impairment in aging, in addition to a wide range of clinical disease states (e.g. neurodegenerative diseases, major depression and schizophrenia). [12] [13] [14] While acute MW exposure induces GC secretion from the adrenal cortex in rat models, 15) GCs have two distinct types of physiological effect: (i) a fairly rapid nongenomic effect, which influences membrane receptor sites and is prevalent in acute responses; and (ii) a longer-lasting genomic effect on gene expression. 16) Thus, it is necessary to investigate whether GCs have a role in the biological effects induced by exposure to chronic low-power-density MW fields.
The long-lasting actions of GCs are mediated by a ubiquitous intracellular GR that functions as a hormone-activated transcription factor. 17) In the unliganded state, the GR is located primarily in heterooligomeric complexes in the cytoplasm. 18) After binding to its agonist ligand, the GR undergoes conformational changes ('activation'), dissociates from the complex and translocates into the nucleus. 17) There, the activated GR influences diverse gene transcription and subsequent biological changes such as apoptosis. It has been proposed that GRs mediate the apoptosis of inappropriate GC secretion on many cell types, 19, 20) including neurons.
21)
The significance of apoptosis in learning and memory has been demonstrated, although it is unknown whether cognition impairments following chronic MW exposure are related to GC-mediated apoptosis.
To determine the effects of GCs [specifically, corticosterone (CORT), which is the primary endogenous GC in rats] on cognitive function after chronic low-power-density MW exposure, we investigated changes in spatial learning and memory, plasma CORT level, hippocampal GR translocation and apoptosis in a rat model. Our findings provide a supplemental explanation at the cellular and molecular level for the effects of chronic MW exposure on cognition.
MATERIALS AND METHODS

Animals and drug treatments
Fifty-six adult (3-month-old, 280-300-g) male Wistar rats were purchased from the Experimental Animal Center of Third Military Medical University (Chongqing, China). All procedures were approved by the Chinese Ministry of Science and Technique for Accreditation of Laboratory Animal Care. Specific-pathogen-free (SPF) rats were housed at 22 ± 2°C, 55 ± 10% humidity and maintained on a 12-h light-dark cycle (lights on at 7 a.m.). Food and water were provided ad libitum.
Thirty minutes before the first exposure to MW, rats were subcutaneously injected with either the GR antagonist RU486 (120 mg/kg, Sigma, St Louis, MO, USA) 22) or physiological saline (1 ml/kg). The time span was chosen to enable proper passage of the drugs through the blood-brain barrier and their binding to receptors. Rats were then given repeated injections every fifth day. Thus, the experiment comprised four treatment groups -MW, MW/RU486, MW/ saline and sham -each containing 14 rats.
Exposure system and dosimetry
Animals were exposed to circularly polarized, pulsed (10 μs pulse, 800 pps) 2.45-GHz MW in the cylindrical waveguide system of Guy et al. 23) and Chou et al. 24) In this system, individual cylindrical exposure tubes are connected through a power divider network to a single MW source. Each tube comprises a section of circular waveguide constructed of galvanized wire screen in which a circularly polarized TE11-mode field configuration is excited. The tube contains a plastic chamber (length 23.6 cm, diameter 17.6 cm, and a built-in floor with width 14.5 cm) to house a rat with enough space for it to move freely inside. The floor of the chamber is formed from glass rods, enabling waste to fall through plastic funnels into a collection container outside the waveguide.
The power density averaged over the cross-section of the waveguide at the position of exposure was set at 1 mW/cm 2 . Animals were exposed repeatedly for 3 h/day for 30 days. Sham animals were exposed simultaneously in similar, but inactive, waveguides. All exposures occurred between 0800 and 1100 h to control possible circadian variations in response. The experiments were set up such that the investigator performing the assays did not know the exposure conditions or the experimental treatment of the animals. Whole-body-averaged specific absorption rates (SARs) were measured using a microprocessor-controlled twin-well calorimeter with fresh rat carcasses. 25) Local SARs in the brain were calculated using the technique described by McRee.
26) The measured SARs for up to 30 days were 0.2 W/kg for whole-body SARs and 0.7 W/kg for local SARs.
Sample collection
After MW exposure, blood samples and tissues were taken immediately from rats (n = 5) for western blotting. Blood samples (0.2 ml) were collected within 4 min of disturbance to minimize the effects of the sampling procedure on CORT levels in the samples obtained.
27) Animals were anesthetized with CO2, and blood was collected from the heart with a heparinized syringe. Samples were centrifuged to separate the plasma, which was frozen until assay. The animals were then quickly decapitated, their brains were placed on ice, and the hippocampi were carefully dissected and immediately snap-frozen in liquid nitrogen. In the apoptosis assay, the animals (n = 4) were deeply anesthetized for the following terminal deoxynucleotidyl transferasemediated dUTP nick-end labeling (TUNEL) test. The remaining animals from each group (n = 5) underwent behavioral testing 24 h after the final exposure.
Cognitive testing
The standard Morris water maze 28) is commonly used to assess the hippocampal-dependent acquisition and retention of spatial memory. The maze consists of a circular pool (diameter, 1.83 m; height, 0.58 m) with an escape platform centered in one of the four maze quadrants. The opaque water temperature was maintained at 22 ± 2°C. Stable maze external cues enabled spatial orientation.
During the place navigation test, the hidden platform was in a stable position. Each rat was given two training sessions daily, separated by 4 h, for six consecutive days. Each session consisted of four trials, with animals starting to swim once from each of the four starting positions (North, East, South, and West) in a random order. Animals were placed into the pool facing the wall and were allowed to search for the platform for 60 s. If an animal did not find the platform, it was gently lifted up and placed onto the platform. After remaining on the platform for 30 s, animals started their next trial from a different position. On day seven, each animal was given a spatial probe trial; the platform was removed, and each animal was placed on the opposite side to where the platform used to be located and allowed to search for the platform for 60 s. Swim paths were automatically recorded and later analyzed (using an image analysis system) for escape latencies and time spent in each of the quadrants. 
CORT assay
Plasma CORT concentrations were measured using commercial 125 I radioimmunoassay rat CORT kits as per the manufacturer's instructions (Amersham Biosciences, UK). The sensitivity of the assay was 0.6 ng/ml, which was far lower than the concentrations obtained from experimental animals in the study. In our experiments, the intra-and interassay coefficients of variation were < 3.9% and < 4.9%, respectively.
Western blotting
Cytosolic and nuclear extracts were obtained using the procedure of Schultze-Mosgau et al. 29) Briefly, the hippocampi were homogenized in 300 μl of homogenization buffer (10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF) on ice. The suspension was incubated on ice for 1 h. Thereafter, 19 μl of 10% (v/v) NP40 was added, mixed on a vortex and centrifuged at 13000 × g, at 4°C, for 1 min. The supernatant (Cytosolic protein fraction) was frozen immediately in liquid nitrogen. The nuclear pellet was washed once with homogenization buffer and then dissolved in 40 μl of buffer (20 mM HEPES (pH 7.9), 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 10% (v/v) glycerine, 1 mM DTT and 0.5 mM PMSF). Nuclear proteins were eluted for 1 h on ice and centrifuged at 13000 × g, at 4°C, for 5 min. Protein concentration was determined by the Lowry method, using bovine serum albumin (BSA, Sigma) as a standard.
Proteins (100 μg) from each sample were separated on a 7.5% SDS-polyacrylamide gel and electrotransferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, MA, USA) for 3 h, at 4°C and at 150 mA. Nonspecific binding of proteins was blocked by saturating the PVDF membranes with 5% non-fat dry milk and 1% BSA in TBS (20 mM Tris-HCl, 137 mM NaCl, pH 7.6) -0.1% Tween-20 (TBS-T) for 2 h at room temperature. PVDF membranes were then rinsed in TBS-T and incubated overnight at 4°C with rabbit anti-rat polyclonal antibody of GR (1:500, Santa Cruz Biotechnology, CA, USA). Next, membranes were washed in TBS-T to remove unbound antibody and incubated at 37°C for 2 h with goat anti-rabbit IgG coupled with peroxidase (Dako, Denmark). Finally, membranes were washed and the blots were visualized with a diaminobenzidine (DAB) kit (Dako). Densitometric analysis was performed using a Gel Doc 2000 scanner system (Bio-Rad Laboratories, Hercules, CA, USA) and image analysis software (Quantity one, Bio-Rad Laboratories).
TUNEL assay
Animals were deeply anesthetized with an intraperitoneal injection of pentobarbital sodium salt (400 mg/kg body weight) and then perfused transcardially with 0.9% physiological saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were postfixed overnight and then incubated in 30% sucrose for 48 h. Cryostat sections (40-μm thick) were cut coronally through the entire hippocampus. Sections were collected from anterior to posterior, beginning at the appearance of anterior hippocampus. To select a series in an unbiased manner such that every section had an equal probability of being selected, a die was thrown to determine the first section saved, after which every eighth section was kept for staining.
Apoptosis was evaluated using the TUNEL method with an in situ cell death detection kit (Roche, IN, USA). Sections were fixed in fresh paraformaldehyde (4%) and permeabilized with 0.1% Triton X-100, and staining was performed as indicated by the manufacturer. Samples were analyzed under a fluorescence microscope, and the percentage of apoptotic cells on different fields was determined using the Image-Pro Plus program (Media Cybernetics). Four sections from each animal were used for this study. Sections were processed together to control any variability in the procedure.
Statistical analysis
To compare the escape latency in the six initial training days of different groups, the data were analyzed by two-way, one-repeated analysis of variance (ANOVA) using treatment and training days as two between subject factors; to compare the number of apoptotic cells labeled by TUNEL in the hippocampus, the data were analyzed by two-way ANOVA using treatment and brain region as two between subject factors, followed by a least significant difference (LSD) test. Other data were analyzed by one-way ANOVA, followed by post hoc Dunnett's or Bonferroni's multiple comparisons tests, as appropriate. Data are presented as the mean ± SEM. P < 0.01 was considered to be significant throughout.
RESULTS
Spatial learning and memory
Behavior is a valuable end-point for assessing the neurological effects of MW exposure. We used the Morris water maze to determine whether the chronic low-power-density MW exposure was associated with hippocampal-dependent spatial learning and memory. All rats showed a progressive decline in escape latency over the six initial training days. Two-way ANOVA revealed that chronic MW exposure in rats induced a significant prolongation in escape latency on the fourth, fifth and sixth day (P < 0.01 vs sham group). Animals exposed to MW co-administrated with the GR antagonist RU486 showed a major change in escape latency only on the sixth day (P < 0.01 vs sham group) (Fig. 1A) . In the probe trial, goal quadrant dwell-time was significantly reduced in the MW-exposed animals for 30 days compared with the sham group. There was no significant difference between the group exposed to MW co-administrated with RU486 and the sham group (Fig. 1B) . These results indicate that 2.45-GHz pulsed chronic low-power-density MW exposure in rats might induce spatial-learning and memory impairment, which could be partially reversed by GR antagonists.
Effect of MW exposure on plasma CORT levels
We next examined the levels of plasma CORT to determine more precisely whether the MW-induced spatiallearning and memory impairment was attributable to the role of GCs. There was a difference between the group exposed to MW for 30 days and the sham group (P < 0.01; Fig. 2 ). These data indicate that 2.45-GHz pulsed chronic lowpower-density MW exposure could increase CORT levels in rats. Consistent with previous studies showing a significant increase in plasma CORT levels after the administration of RU486, 30) RU486 treatment further induced the upregulation of CORT levels in rats chronically exposed to MW.
Effect of MW exposure on GR translocation
The intracellular distribution of the GR protein is important for its function; active GR transports into the cell nucleus to transduce GC signals. 17) Therefore, to determine whether GR translocation was induced by MW exposure, we used western blotting to examine the GR in the cytosolic and the nuclear fractions. This technique is often used to define the relative amount of GR that is translocated. [31] [32] [33] Figure  3A shows a representative western blot, together with results of the densitometric quantitation of the GR bands from five independent experiments (Fig. 3B) . The rabbit polyclonal antibody against the rat GR recognized a prominent band at ~97 kDa, consistent with the molecular weight of the GR.
In the sham group, most of the GRs were found in the cytosolic fraction. By contrast, MW exposure caused GRs to be localized in the nuclear fraction. Densitometric quantitation of the GR bands is expressed in Fig. 3B as a percentage of the signal in the sham group. The reported effects of the interaction between RU486 and the GR indicate that, in most systems, RU486 bound to GR exerts a degree of impairment of receptor transformation, stabilizing GR in the inactive form and, thus, inhibiting GR DNA binding. 34) MW exposure alone caused a decrease in cytoplasmic signal (~70%) and an increase in nuclear signal (~80%), whereas MW exposure and the co-administration of RU486 induced only ~45% decrease in cytoplasmic signal and ~20% increase in nuclear signal. Increased levels of nuclear GR protein indicate an augmentation of nuclear GR DNA binding and consequent transcriptional efficacy.
Effect of MW exposure on apoptosis in the hippocampus
To determine whether MW-exposure-induced activation Fig. 1 . Cognitive testing of MW-exposed, MW-exposed/RU486, MW-exposed/saline and sham-exposed rats in the Morris water maze. Rats were subjected to water maze tasks 24 h after the final exposure. A. Escape latencies during the six initial training periods. B. Goal quadrant dwell-times of probe trial. Data are presented as mean ± SEM. *P < 0.01 vs sham group; n = 5. of the hypothalamic-pituitary-adrenal (HPA) axis and CORT release are related to increased apoptosis of hippocampal cells, we evaluated the number of TUNEL-positive cells in three different subfields of rat hippocampus. Data showed that the number of apoptotic nuclei was significantly increased within the CA1, CA3 and dentate gyrus (DG) subfields after MW exposure compared with the sham group. RU486 administration partially reversed the increase in apoptosis in the CA3 and DG subfields, whereas saline had no similar effects (Fig. 4) . These results showed that CORT release contributes to MW-exposure-induced apoptosis in the hippocampus, which is a major cause of cognitive deficit.
DISCUSSION
The increase in the environmental emission of MW has caused growing concern about the biological consequences of MW on humans. Data from the present experiment show that the spatial learning and memory of rats chronically exposed to a 2.45-GHz low-power-density MW were significantly affected. This behavioral deficit was explained further by the elevated CORT levels, activated-GR-mediated transcription and apoptosis in the hippocampus. These data indicate that CORT is an important regulator of the cognition deficit induced by chronic low-power-density MW exposure.
Our results are in contrast to those recently reported by Cassel et al. 35) and Cobb et al., 36) who found no effect of MW exposure on maze performance. However, the exposure to MW in those studies was acute and of short duration. Although Lai et al. 37) reported in 1994 that the exposure of rats to pulsed 2.45-GHz MW altered behavior and cognition, diverse methods and experimental designs such as frequency, orientation, modulation, power density and duration of exposure have, until now, made direct comparison of many experiments difficult and have prevented the formation of definite conclusions concerning hazardous health effects on the nervous system from MW exposure.
It is well established that elevated levels of GC, whether in the pharmacological or high physiological range, produce cognitive deficits in both laboratory animals and humans. 13) In the present study, the increase in plasma CORT levels might be the result of stress generated by such continuous exposure to MW and could explain the spatial-learning and memory deficit. The hippocampus is an important receptor site for GCs in the CNS and has a crucial negative-feedback loop formed by CORT receptors that suppresses CORT release. 38) Type I receptors, or mineralocorticoid receptors (MRs), are thought to control the basal circadian rhythm of plasma CORT secretion. Type II receptors, or GRs, seem to be more important for terminating the stress response via negative-feedback control. 39) RU486 exerts its anti-GC activity at two levels of receptor action 40) : (i) the prevention of complete GR transformation; and (ii) the alteration of a step subsequent to GR DNA binding. Consequently, on the one hand, the GR antagonist RU486 diminishes GC effects; on the other hand, decreased GR number and nuclear translocation can be caused by the administration of RU486 to give rise to increased CORT levels after MW exposure. Apoptosis is important in different CNS-related diseases, including impairment of learning and memory. 41) Studies show that GCs can target neurons in the hippocampus for death through apoptosis and that GR nuclear translocation is required in this process. 42, 43) Our data showing that MW exposure increased apoptosis in the hippocampus also support this view. Some groups have reported apoptosis in different cell types after exposure to low-power-density MW. [44] [45] [46] However, others have observed no significant difference in the apoptosis rate. 47, 48) There are three potential reasons for these contradictory results: (i) these data indicate an interaction between the intensity and the duration of MW exposure on biological effects, implying a cumulative nature; (ii) cells with high rates of iron intake (e.g. proliferating cells, cells infected by virus and cells with high metabolic rates, such as brain cells) would be more susceptible to the effects of MW. This could partially explain the negative results of previous studies investigating the effects of MW on some cell types; and (iii) the sensitivity of GCs differs in various cell types. Several studies have indicated that GC-resistant cells can express similar GR levels to GCsensitive cells. 49, 50) Even in the hippocampus, the frequency of apoptosis in each subfield, such as CA1, CA3 and DG, is not the same because CA1 and CA3 comprise the stratum pyramidal and stratum oriens, yet the DG comprises granule cells and plexiform layers. So we observed the changes in apoptosis following the sequence of selective vulnerability were CA1 > CA3 > DG.
In conclusion, the present study indicates a relationship between increased CORT levels and cognition impairment induced by chronic low-power-density MW exposure. However, changes in CORT secretion cannot sufficiently explain the MW-induced impairments in cognitive performance; MW might affect spatial learning and memory by changing other biological substrates. The data here establish only a foundation for further exploration into prevention of and therapy targets in the neurobehavioral impairments following MW exposure.
